Abstract. We use femtosecond infrared spectroscopy to study the aqueous protonation dynamics of cyanate, OCN -, using a photoacid, 2-naphthol-6,8-disulfonate (2N-6,8S) excited by a 60-fs pulse tuned at 336 nm. The transient response in the spectral range of the cyano-stretching vibrational marker modes of cyanic acid, HOCN, and isocyanic acid, HNCO, reveals how much of both reaction products are formed at early delay times, and whether the on-contact reactive complex between 2N-6,8S and OCN -has a well-defined structure. Using the Szabo-Collins-Kimball approach to describe bimolecular reaction dynamics subject to the Debye-von Smoluchowski diffusional motions, an on-contact proton transfer reaction rate is derived that follows the correlation between free energy and reaction rates found for a large class of aqueous proton transfer of photoacid dissociation and photoacid-base neutralization reactions.
In aqueous solution, protonation of cyanate, OCN -, is thought to result in two different products: the most stable being isocyanic acid (HNCO, pK a -value = 3.7), 1 but cyanic acid (HOCN, pK a -value not accurately determined but considered to be more acidic than that of HNCO < 3) 2, 3 is not considered to be so strongly unfavorable that one can safely exclude this isomer. Indeed both HNCO and HOCN have been considered in quantum chemical calculations on acidity properties, 2, 3 and in charge transfer complexes with water or ammonia. 4 The existence of HNCO and HOCN is also an issue in the determination of solid-phase protonation and deprotonation processes of small molecules in interstellar ice. [5] [6] [7] [8] [9] [10] Moreover, both HNCO and HOCN have to be considered as intermediates in the hydrolysis of cyanate, 11, 12 where carbamic acid (H 2 NCOOH) may be the precursor of the final products CO 2 and NH 3 13 (see Fig. 1a ), as well as in the classic Wöhler synthesis, [14] [15] [16] [17] [18] [19] where in aqueous solution ammonium cyanate converts into urea (H 2 N-CONH 2 ) via an ammonia addition mechanism, or the reverse reaction pathway of decomposition of urea, 20, 21 where NH 3 elimination is understood to prevail above hydrolysis (see Fig. 1b ). Detailed knowledge of the reaction mechanisms of Fig. 1 may be relevant for other means of urea synthesis too, e.g., using direct addition of NH 3 and CO 2 followed by elimination of H 2 O is understood to occur under industrial-scale high pressure and temperature conditions, 22, 23 as well as in biological environments where, e.g., the enzyme urease functions by hydrolysis by H 2 O. 24 Even in these cases alternate re-action pathways involving cyanate may have to be taken into account, if only for transient population build-ups of cyanate and (iso-)cyanic acid, e.g., in the aqueous formation of carbamate, 25, 26 or the elimination mechanisms in urease that are competitive to hydrolysis. 27 We focus here on the topic of the dynamics of protonation of cyanate anion in aqueous solution. We use a photoacid to optically induce a jump in pK a -value towards stronger acid values, and monitor the subsequent proton transfer dynamics using time-resolved infrared spectroscopy. Photoacids have been used since the 1950s in time-resolved protonation studies, first using rapid mixing, [28] [29] [30] [31] [32] [33] later using time-resolved electronic spectroscopy, [34] [35] [36] [37] and more recently using femtosecond infrared spectroscopy of vibrational marker modes. [38] [39] [40] [41] [42] [43] [44] [45] In the current work we follow marker modes of (iso-)cyanic acid to determine the timescale of protonation upon electronic excitation of a naphthol derivative. We are able to distinguish whether isocyanic or cyanic acid is generated on picosecond timescales, from which we not only learn which site, the N-atom or the O-atom, has the highest proton affinity, but also whether the on-contact reaction complex between photoacid and cyanate involves the solvent water.
ExpErImEntAl
Femtosecond mid-infrared experiments were performed using 100 mL solutions consisting of 50 mM 2N-6,8S (2-naphthol-6,8-disulfonic acid dipotassium hydrate; 80%, ABCR) in distilled water. The concentrations of sodium cyanate (Aldrich) used were 0.5 M, 1 M, and 1.5 M. In order to control sample degradation due to the chemical instability of aqueous HNCO/ HOCN on a long timescale, the solutions were buffered with TRIS (tris(hydroxymethyl)aminomethane saline Fluka, tablets, pH 7.6 ± 0.2 (25 ºC), 0.05M TRIS/HCl, 0.15 M NaCl), and UV-spectra were taken before and after each measurement (see Fig. 2 ). All experiments were performed at room temperature (22.5 ± 1 ºC). -in H 2 O used in the experiment. The solid trace shows the spectrum measured just before the time-resolved experiment, and the dashed curve indicates the spectrum measured after 95 min, the duration of the timeresolved experiment. The arrow indicates the location of the photoacid band of 2N-6,8S, to which the UV pump pulse was tuned.
Electronic excitation was achieved with pulses (336 nm, 1.7 µJ, 60 fs) generated by the sum frequency mixing of the fundamental of a standard 1 kHz amplified Ti:sapphire laser (Spitfire, Spectra Physics) and visible pulses generated by a noncollinear optical parametric amplifier. 46 After passing an optical delay line, the pump pulses were focused onto the sample with a beam diameter of approximately 300 µm. Midinfrared pulses, with center frequency tuned to 2273 cm -1 , were generated using double-pass collinear optical parametric amplification followed by difference frequency mixing of signal and idler. 47 The probe and reference pulses were obtained using reflections from a ZnSe wedge, and focused onto the sample by means of an off-axis parabolic mirror (focal diameter 200 µm). The probe and reference pulses were dispersed in a polychromator (3 cm -1 resolution), and spectrally resolved absorbance changes were recorded simultaneously for each shot using a liquid-nitrogen-cooled HgCdTe double array detector (2 ´ 31 pixels). The polychromator was not tuned during measurements to avoid repositioning error effects (on the order of 2 cm -1 ). The time resolution was determined to be 250 fs based on the cross-correlation between the UV pump and IRprobe pulses measured in a ZnSe semiconductor placed at the sample position. A peristaltic pump was used to circulate the sample through a flow cell (1-mm-thick BaF 2 windows separated by a 50-µm-thick Teflon spacer) to guarantee that a new sample volume was excited for every laser shot.
We performed theoretical calculations of vibrational spectra at optimized structures for HOCN and HNCO. We applied density functional theory (B3LYP/6-31+G(d,p)) methods as implemented in Gaussian 03. 48 
rEsults
Until now, isocyanic acid has been the best characterized of the four possible isomers of the 4-atom system [C,H,N,O]. [49] [50] [51] Recent ab initio quantum chemical calculations have shown that in the gas phase HNCO is at least 24 kcal mol -1 more stable than HOCN, whereas two other isomers, fulminic acid (HONC) and isofulminic acid (HCNO), have even higher heats of formation. 52, 53 As a result, much of the published spectroscopic data in the gas phase refer to HNCO, the most stable isomer; an early example is the gas phase infrared study by Herzberg and Reid. 54 HNCO can readily be measured in condensed phases using infrared spectroscopy, 55 while the other isomers have only been characterized using low-temperature matrices as trapping media, pointing out that HNCO remains the most stable isomer in the condense phase. 8, 50, 56, 57 Figure 3 shows the calculated IR spectra of HOCN and HNCO. The six vibrational normal modes of each isomer are located in the 3500-3600 cm -1 range (OHand NH-stretching vibrations, respectively), around 2250-2300 cm -1 (the cyano-stretching modes), and between 400-1300 cm -1 (the four bending vibrations of HOCN or HNCO, respectively). The bending vibrations and the OH-or NH-stretching modes are located in spectral regions, which are challenging to probe due to spectral overlap with either the librational or the broad OH-stretching bands of H 2 O. The cyano-stretching modes can readily be probed, as only the combination overtone of H 2 O has a weak absorption in this spectral range. The calculated cyano-stretching frequencies are found at 2282 cm -1 and 2224 cm -1 , for HOCN and HNCO, respectively. These values will slightly change when hydrogen bonds are formed with the solvent, but the frequency difference remains large enough to make a clear distinction between both isomers possible. Indeed, low-temperature matrix studies of HOCN and HNCO clusters with water have reported values of 2295 cm -1 for HOCN and 2252 cm -1 for HNCO with about the same frequency separation between the two isomers as predicted by calculations. 8 Moreover, the cyanostretching mode of OCN -is located at 2172 cm -1 , clearly separated from the IR absorption range of the neutral isomers. With spectral bandwidths typical for vibrations of small molecules in the solution phase of about 20-30 cm -1 , it is possible to probe all distinct species, HOCN, HNCO, and OCN -, dissolved in H 2 O, using time-resolved infrared spectroscopy. It should be noted though that the cyano-stretching mode of HNCO has an infrared absorption cross section that is, as predicted by the calculations, about 5 times higher than for HOCN, and one has to interpret transient signals accordingly.
Based on the reported acidity of HNCO (pK a = 3.7) 1 and HOCN (pK a < 3), use of a photoacid with pK a (S 0 ) = 7 and pK a (S 1 ) = 1 would be sufficient to initiate a photoinduced proton transfer to OCN -. Pyranine, a popular photoacid used in many acid-base neutralization studies [38] [39] [40] [41] [43] [44] [45] 58, 59 would be an ideal candidate. However, due to the inherent chemical instability of aqueous HNCO/HOCN at pH < 6, where decomposition into CO 2 and NH 3 occurs, one has to work with photoacid-cyanate solutions at pH ≥ 8. We thus used a different photoacid, 2-naphthol-6,8-disulfonate (2N-6,8S), to trigger the proton transfer reaction. 2N-6,8S is less acidic in the ground state (pK a (S 0 ) = 8.8) than pyranine (pK a (S 0 ) = 7.0 at 1 M ionic strength) but has similar proton donating capabilities in the excited state as pyranine (pK a (S 1 ) ~ 0.5 at 1 M ionic strength). Under our working conditions of buffered solutions (see Fig. 2 ) most 2N-6,8S is in acidic form when excited with a short laser pulse tuned at the maximum of the S 0 → S 1 transition at 336 nm. We then follow in real time how the proton transfer reaction proceeds by measuring the cyano-stretching region of HOCN/HNCO. Figure 4 shows the transient IR spectra recorded for three cyanate concentrations (0.5 M, 1.0 M, and 1.5 M). For each concentration we present three panels: one with the transient response within 1 ps pulse delay time, one with the signals recorded at pulse delays of several picoseconds, and one with the response measured at longer delay times of tens to hundreds of picoseconds.
From these transient spectra we learn that directly upon photoexcitation of 2N-6,8S a broadband featureless signal is generated that appears within the time resolution of 250 fs, being affected by cross phase modulation during temporal overlap between the UV pump and IR probe pulses, only to decay on different time scales (with 0.5 ps and 50 ps time constants when using multiexponential fitting parameters). Similar broadband featureless components have been observed in femtosecond infrared experiments using pyranine, 40, [42] [43] [44] [45] 60 and its methoxy-derivative, and appear to be correlated with the electronic state of the photoacid, but not directly to the OH-group of the photoacid. 61, 62 We do not observe an instantaneous rise of the cyanostretching bands of either HOCN or HNCO within time resolution. Instead, it is only on picosecond timescales, with rise times depending on the concentration of OCN -that a transient band appears located at 2265 cm -1 , very close to the value reported for HNCO•••H 2 O complexes in low-temperature Ar matrices. 8 We do not, within our measurement accuracy, observe a transient band around 2290 cm -1 -even at early pulse delay times-that could be indicative of transient population of HOCN. We have fitted a Gaussian line shape to the experimental transient spectra to derive the true population kinetics of the 2265 cm -1 band. The result, obtained as a function of pulse delay between pump and probe, is shown as symbols in Fig. 5 . Here it evident that the transient population reaches its final value with faster rates for higher OCN -concentrations. The final value reached then remains constant for pulse delay times up to 1 ns, the maximum delay we could scan with our delay stage, suggesting a long-lived reaction product. At a concentration of 0.5 M OCN -the onset of the rise appears to be delayed up to 20 ps before a pronounced increase occurs, very similar to signals observed in the case of acid-base neutralization between pyranine and trichloroacetate, 41 which we ascribed to transient residence of the proton on water bridging the photoacid and base. 42 
dIscussIon
Proton transfer dynamics between a photoacid and a base in aqueous solution is a theoretically challenging problem, where besides the proton dissociation from the photoacid, and the proton association with the base, also proton transfer through water molecules and mutual diffusion between the photoacid and the base may play a key role. When proton dissociation to water does not occur on the relevant timescales (i.e., when the photoacid is a weak acid), proton transfer may then only occur when the photoacid and the base diffuse to form a contact complex. In this case the description can be based on molecular diffusion obeying the Debye-von Smoluchowski equation, 63, 64 and the ensuing time-dependent reaction kinetics can be predicted using expressions derived by Collins and Kimball, 65 where an on-contact reaction rate between photoacid and base and molecular diffusion rates determine the observed time-dependent transfer reaction times. The description has been expanded to charged species interacting in environments at finite ionic strength by Szabo, who implemented the (partial) screening effects of ionic charges of the reacting species. 66 The Debye-von Smoluchowski, Szabo-Collins-Kimball (SCK) description has been used before to describe aqueous acid-base neutralization reactions. 38, 59, 67, 68 However, when proton dissociation from the photoacid to water is an important pathway, the reaction dynamics becomes more intricate because of the additional proton transfer pathways from photoacid via water to the base. Proton transfer through water may be described as a random diffusional process where a proton wanders through the solvent by way of the von Grotthuss mechanism [69] [70] [71] [72] [73] only eventually to be scavenged by a base upon an encounter, 39 or by a basedirected proton-shuttling mechanism through a number of water molecules forming a bridge between the photoacid and the base. 40, 41 Such a solvent switch may either consist of an actual hydrogen-bonded water wire, or a loosely associated collection of water molecules with continuously breaking and forming of hydrogen bonds, which will facilitate the proton transfer. 42 In the event that proton transfer from the photoacid to the base proceeds via several relevant pathways, including free diffusion through water, and proton shuttling via water bridges of different lengths, one should rather use a set of coupled rate equations to describe the various reaction pathways leading to the observed overall reaction dynamics. In such a multireaction rate approach, reversibility of the reactions is also directly implemented, whereas this would be problematic in the case of using time-dependent concentration gradients of the reaction based on the SCK approach. When detailed information is known on the different peripatetic 74 proton transfer pathways, such as in the case of pyranine reacting with carboxylate bases, fitting using a set of coupled rate equations has led to profound insight into the proton transfer reaction dynamics. 41, 42 Unfortunately, in the current case of 2N-6,8S reacting with cyanate we do not have enough detailed kinetics of the different (transient) species available or of the different pathways open for the proton when transferred, and as such we analyze our results using the time-dependent SCK approach to have a first understanding of the reaction dynamics. Here we show in brief the essentials of the SCK approach. We refer to earlier reported work 38, 39, 59, [63] [64] [65] [66] [67] [68] 75, 76 for more detail.
The survival probability, S ROH (t), of a photo-excited proton donor, ROH* (in our case 2N-6,8S), surrounded Table 1 .
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by an equilibrium distribution of proton acceptor molecules (here: OCN -) with the initial condition S(0) = 1, may be approximated according to the following kinetic equation:
where k w is the first order dissociation constant of the proton donor (acid) to the solvent, and c 0 is the bulk concentration of the proton acceptor. Integrating, the survival probability of the acid is given by:
For a Coulomb potential it is not possible to solve the DSE analytically using the SCK boundary condition. The analytic approximation of Szabo 66 for the time-dependent rate constant k(t) is: 
with the steady-state diffusion rate constant k SD given by:
and:
and the effective radius a eff defined as:
In our experiment, we approximate the potential between the photoacid (2N-6,8S) and the proton-base (OCN -) by the Debye-Hückel (DH) ionic screening law:
with:
where k B is Boltzmann's constant, a is the contact radius, e is the permittivity of the solution, e is the elementary charge, k -1 is the screening length and I is the ionic strength, which in our case is practically equal to the sum of the concentration of OCN -and the buffer, and z 1 = -1, z 2 = -2 are the charge numbers of the OCN -and 2N-6,8S, respectively.
In this study we follow the proton transfer kinetics on the base side by probing the HNCO marker mode. In order to describe the kinetics of the OCN -base we assume that any excited photoacid will ultimately transfer its proton either to the solvent (water) or to the proton base, where any proton released to the solvent eventually will be picked up by the base (proton scavenging by the base). 78, 79 The survival probability of the released proton following acid dissociation to the solvent is given by:
At high concentration of base the largest fraction of photoacid transfers its proton directly to the base. Here direct means any form of encounter complex consisting of ROH···(H 2 O) n ···OCN -. The small fraction of proton transfer via the indirect route of acid dissociation to the solvent and then proton pick-up by the base in a diffusion-limited reaction may be approximated by the diffusion-limited rate constant of the reaction, k dl : 78, 79 
where U(r)/k B t is defined in a similar fashion as in eq 7, a¢ eff is given by eq 6, and D¢ is the relative diffusion coefficient between the base and the solvated proton. Finally, the survival probability of the protonated base (HNCO) is given by:
The differential equations for the survival probabilities and (eqs 10 and 12 ) may be solved analytically:
Using the expression for survival probability of S ROH (t), eq 2, it is possible to integrate eqs 13 and 14 numerically to find the population kinetics for the conjugate acid HNCO.
The result of this fitting procedure is shown as solid lines in Fig. 5 , with the values for the fitting parameters given in Table 1 . The on-contact reaction rate k 0 found for the photoacid-base pair 2N-6,8S and OCN -falls clearly within the range described by the semi-empiric correlation between the proton transfer rate and the difference between the pK a of acid and conjugate acid of the base in aqueous solution (Fig. 6) . The free energy vs. reaction rate curves are calculated using the Marcus equation for proton transfer 80 (solid line) and using Marcus theory for electron transfer [81] [82] [83] (dashed line). The calculated curves are the best fits of a large ues obtained in D 2 O were rescaled by a factor of 1.45 to approximate proton transfer).
From our work reported here we learn the following: (1) The rate of proton transfer between 2N-6,8S and OCN -after forming an on-contact reactive complex is of similar magnitude to those of many other reported bimolecular proton transfer reaction rates to moderately strong bases in aqueous solution. 32, 37, [84] [85] [86] (2) The reaction between 2N-6,8S and OCN -follows the general correlation between differences in acid strengths and reaction rates found for a large class of aqueous photoacid dissociation and photoacid-base neutralization. In previous work we proposed that this correlation is indicative of the active role that the solvent water plays in mediating proton transfer. This remains valid for the current example of 2N-6,8S and OCN -. (3) The experimental results also reveal much on the structure of the photoacid-base reactive complex. Three observations should be noted here: (a) no intermediate hydrated proton is observed, (b) protonation only occurs at the N-side of OCN -, and (c) no immediate (static) proton transfer occurs (no immediate rise of HNCO or HOCN signal within the experimental time resolution of 250 fs). We thus exclude the existence of hydrogen bonded tight complexes ROH···OCN -and ROH···NCO -prior to electronic excitation of the photoacid, which should have led to a temporal resolution limited rise of the HOCN or HNCO marker mode signals. The O-side of OCN -has a sufficient base strength and anionic charge density (about 0.8 e compared to about 0.9 e of the N-side) 4 that proton transfer should happen provided a proper long-lived alignment in a rigid ROH···OCN -complex occurs. Likely, the reactive complex between 2N-6,8S and OCN -is very flexible and not well structured, unlike the situation between pyranine and the carboxylate bases. [40] [41] [42] This suggests that hydrogen-bonded complexes between 2N-6,8S, water, and OCN -are not long-lived. The acid and base approach each other by diffusion, but are not colliding directly or forming a long-lived hydrogen-bonded complex. Although there is roughly an equal chance to approach the acid from the N-or O-terminal, both from steric and electrostatic points of view, we have only detected the protonation reaction at the N-side. This means that the rate of the proton transfer to the N-terminal is at least one Fig. 6 . Free energy correlation: ∆pK a (acid-base) vs. the overall proton transfer rate on contact. The free-energy vs. reaction rate curves are calculated using the Marcus equation for proton transfer (solid line) and using Marcus theory for electron transfer (dashed line). 84 The solid dot denotes the fit value found for the intrinsic proton transfer rate k r for 2N-6,8S (photoacid) and OCN -(base) in H 2 O. The open dots (gray squares) are the corresponding intrinsic forward (backward) proton transfer rates between pyranine (photoacid) and carboxylate bases in D 2 O rescaled by a factor of 1.45 to correct for the isotope effect in aqueous proton transfer. order of magnitude faster than the O-terminal. The other possibility, that the two terminals react with similar rate constants but the protonated O-terminal dissociates much more rapidly than the protonated N-terminal, is also possible, but less likely as it would imply a dissociation rate of the O-terminal of a few picoseconds at most. Both kinetic scenarios lead to the conclusion that in aqueous solution protonation of OCN -should result in HNCO rather than HOCN, as experimentally is observed. Our experimental kinetic data also suggest that the acidity of HOCN is much higher than HNCO (pK a -value of HOCN is at least one unit lower than that of HNCO). We thus conclude that the equilibrium between the two isomers is likely to be controlled by the forward reaction so that the proton transfer reaction leads directly to preferred generation of the more stable product, HNCO, with a lifetime extending way beyond 1 ns.
conclusIons
With the current femtosecond infrared study of photoinduced proton transfer between a naphthol photoacid and cyanate in aqueous solution, we have paved the way to the exploration by fs-resolved IR spectroscopy of a larger class of photoacids that absorb with much lower absorption cross sections at other wavelengths than the photo-stable hydroxypyrene derivatives. We expect that further studies of cyanate protonation in biologically important environments may be performed using the current methodological approach. Our findings of the selection of the N-terminal by direct protonation may be of great use in deciphering the microscopic details of urea synthesis, and cyanate hydrolysis.
